Lead titanate (PbTiO 3 or PTO further) is an archetypical representative of perovskite oxide ferroelectrics.
1 This family of materials is known for numerous strong effects and unique response functions, among which linear and nonlinear electro-, elasto-, and piezo-optic effects are especially attractive for photonic applications. [1] [2] [3] The optical properties of PTO were also found to be promising for applications, 4 which are hindered by difficulties in the synthesis of sufficiently large high-quality crystals and their integration. Great progress in growth of single-crystal-type epitaxial ferroelectric films removes these obstacles and, concurrently, raises questions on the effects of epitaxy on the optical properties of ferroelectrics in general and of PTO in particular. Because of mismatches in crystal lattices and thermal expansion coefficients between the films and substrate materials, epitaxial films may experience lattice strain. In this letter, we report dramatic changes in the absorption coefficient and refractive index, which are induced by epitaxial tensile strain in PTO. We experimentally detect these changes using spectroscopic ellipsometry studies and by comparing the properties of a tensile-strained film with those of reference polydomain single crystals and films and epitaxial films under minor compression. We show that epitaxial tension produces significant blueshifts of the main absorption peaks and a huge decrease in the refraction index in the transparency spectral range. We discuss our observations in terms of the existing models, none of which appear adequate to explain our observations. Thin films of perovskite ferroelectric PTO were grown by pulsed laser deposition using (001) SrTiO 3 (STO) and (011) DyScO 3 (DSO) single-crystal substrates (MTI Corp.). A theoretical biaxial in-plane (parallel to the substrate surface) strain is defined here as s ¼ (a S /a PTO À 1), where a S and a PTO are the lattice parameters of the substrate and unstressed PTO. Because PTO experiences the cubic-totetragonal phase transition at 760 K on cooling, the parameter a PTO is that of the cubic cell at high temperatures and that a PTO ¼ b PTO of the tetragonal cell at low temperatures. 5, 6 At the deposition temperature of 973 K, the strain is compressive, À1.4%, in the PTO films on STO and weakly tensile, 0.1%, in the films on DSO. On cooling to room temperature, the theoretical misfit strain decreases to nearly zero in the PTO/STO film and reaches 1.4% in the PTO/DSO film. Additionally, a mismatch between thermal expansion coefficients of the substrates and films can affect the room temperature strain state in the films. As the elastic energy of strained films increases with the increasing film thickness, the relaxation of misfit strain starts and pseudomorphic growth terminates at a critical thickness. 7 To obtain pseudomorphic c-type epitaxial PTO films, which possess an out-of-plane direction of polarization and are free of a-domains possessing in-plane polarization, the small thickness of approximately 8 nm was selected for the PTO films on both STO and DSO. 8, 9 We note that the surface cell of the (011) DSO is nearly quadratic, allowing for neglecting in-plane anisotropy in the films. 8, 9 A polydomain film of $400 nm in thickness, as determined using an Alpha-Step 500 profilometer, was grown on STO for comparison. 10 The crystal structure of the films was studied by highresolution X-ray diffraction (XRD) on a Bruker D8 DISCOVER SUPER SPEED SOLUTION diffractometer using Cu Ka radiation from a rotating anode tube. The H-2H scans in the range of 2H ¼ (10 -130 ) and reciprocal space maps in the vicinity of the perovskite (103) and (002) reciprocal lattice points were acquired. The in-plane (parallel to the substrate surface) and out-of-plane (normal to the substrate surface) lattice parameters were estimated from the positions of diffractions using LEPTOS software and taking the substrates as a reference. The analysis revealed growth of a)
Author to whom correspondence should be addressed: tjunina@fzu.cz and marina.tjunina@oulu.fi perovskite films with the (00l) planes parallel to the substrates' surface (Fig. 1) 011) and the absence of a-domains in these films. The films are coherent and pseudomorphic to the substrates, in agreement with the previous reports. [8] [9] [10] The crystal structure of the films can be interpreted as tetragonal, with the shorter in-plane lattice parameters a f equal to those of the substrates (see supplementary material for more XRD details). The measured out-ofplane lattice parameters c f are 0.417 nm and 0.405 nm in the films on STO and DSO, respectively. Compared to tetragonal bulk PTO, 5, 6 the film on STO is weakly elongated in the outof-plane direction. The PTO/DSO film experiences in-plane biaxial tension and out-of-plane compression. The tetragonality cf/a f is approximately 1.06 in the PTO/STO film and is smaller, 1.02, in the PTO/DSO film. The calculated ferroelectric polarization is out-of-plane in both films, and its magnitude differs slightly: 0.92 C/m 2 in the PTO/STO film and 0.80 C/m 2 in the PTO/DSO film compared to 0.87 C/cm 2 in bulk.
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The effects of epitaxial tension on the optical properties of PTO are revealed here by comparing the properties of the 8-nm-thick PTO/DSO film with those of the PTO/STO film. Additionally, a 400-nm-thick polydomain PTO/STO film, containing both the c-and a-type domains, 10 and a polydomain PTO bulk crystal are used as references for comparison.
The optical properties of the films, crystal, and substrates were studied using variable angle spectroscopic ellipsometry, which is an ideal and precise measurement technique for determining optical and hence physical properties of materials at the nanoscale. 12 The bare STO and DSO single-crystal substrates were investigated to ensure accurate studies of the properties of the films. The measurements were performed on a J.A. Woollam VUV ellipsometer at room temperature, in a dry nitrogen atmosphere, and at photon energies of (0.75-8.8) eV. The ellipsometric spectra were acquired at two angles of incidence of 65 and 70 , with the energy step of 0.02 eV, and using averaging over 200-400 optical cycles. The optical constants of the films, crystal, and substrates were extracted from the spectra of ellipsometric angles w and D using a commercial WVASE32 software package. 13 The modeling procedure was initiated by constructing a four-phase model, which includes a semiinfinite substrate, homogeneous film, surface roughness, and ambient gas. The PTO film's thickness extracted from the XRD data was used as a starting parameter. A three-phase model for the crystal and substrates includes a semi-infinite crystal, surface roughness, and ambient gas, respectively. The surface roughness was calculated as a mixture of 50% solid and 50% voids, in accordance with the Bruggeman effective medium approximation.
14 The complex dielectric function was presented in a multi-oscillator form using one Cody-Lorentz oscillator and six Gaussian oscillators. 15, 16 The oscillators' parameters and the layer thicknesses were fitting variables and determined simultaneously over the entire spectral range using the Levenberg-Marquardt algorithm. 17 Because of strong correlation between the thickness and optical constants of thin films (thickness < 10 nm), 18 the thickness was varied around that determined from XRD data in the range of (8 6 1) nm in the 8-nm-thick films. The (w, D) spectra were fit using the weighted error function. The roughness layer thickness was (0.2 6 0.1) and (4.04 6 0.02) nm in the PTO films and crystal, respectively. Direct numerical inversion was used to solve for the dielectric function, with the obtained film thickness and surface roughness being fixed. 17, 19 This approach ensures high precision for determining the dielectric function in the spectral regions, where absorption is weak. 19 The absorption coefficient a and index of refraction n were calculated from the dielectric functions obtained by numerical inversion. Examples of the fits are shown in the supplementary material.
We note that isotropic optical property models are valid for the PTO crystal and the 400-nm-thick film because of their polydomain microstructures. Also, only a minor anisotropy was detected in a single-domain tetragonal PTO crystal, 20 which justifies isotropic models for the 8-nm-thick films. Experimentally detected off-diagonal elements of the Jones matrix are nearly zero over the entire spectral range from 0.74 eV to 8.8 eV, supporting the validity of the isotropic model here.
The absorption spectra of the films and the crystal are shown in Fig. 2 . An onset of absorption (a ¼ 10 4 cm
À1
) is observed at approximately 3.4 eV in all PTO samples. The absorption edges are similar in the polydomain PTO/STO film and in the crystal [ Fig. 2(b) ], with the thin PTO/STO film exhibiting a minor redshift of the edge [ Fig. 2(a) A closer inspection of the absorption edges was performed using Tauc plots (Fig. 3) . 21 Indirect bandgaps 22 are detected in the crystal and all films. The bandgap energy E g extracted from the linear fits [(aE) 1/2 / (E À E g )] is (3.3 6 0.05) eV in both the crystal and the 400-nm-thick PTO/STO film [ Fig. 3(a) ]. The bandgap is 3.4 eV 6 0.05, i.e., practically similar to that in the crystal, in the 8-nm-thick PTO/DSO film [ Fig. 3(b) ]. Thus, epitaxial tension produces the giant A-A 0 and B-B 0 blueshifts, while the bandgap increase is minor. A smaller bandgap of (3.1 6 0.05) eV is obtained in the 8-nm-thick PTO/STO film [ Fig. 3(b) ].
Our experimental observations point to complex epitaxy-induced changes in the optical band-to-band transitions in PTO, which are not accounted for by the state-of-the-art theoretical modeling. In particular, the firstprinciples analysis of epitaxial perovskite pseudo-cubic films predicts that biaxial in-plane strain should lead to a relative lowering of the valence band and, consequently, to a bandgap narrowing. 23, 24 This tendency should be independent of the sign of the strain, tensile or compressive. Concurrently, strain-induced ferroelectric polarization should raise the valence band and lead to a widening of the bandgap. [23] [24] [25] Our observations suggest that the effect of weak compressive strain may dominate over that of strain-induced polarization, leading to bandgap narrowing in the 8-nm-thick PTO/STO film. However, the bandgap increase in the 8-nm-thick PTO/ DSO film contradicts the predicted tendencies: the tensile strain, smaller tetragonality, and, consequently, smaller polarization are expected to induce bandgap narrowing, in contrast to the observations. In an attempt to resolve this discrepancy, we assume that the PTO/DSO film may be located close to a theoretical boundary between the tetragonal and monoclinic-type Cm phases. 11 The Cm phase is characterized by a rotation of ferroelectric polarization away from the strict out-of-plane direction. Such polarization rotation was, indeed, detected by sophisticated synchrotron XRD analysis of the ultrathin PTO/DSO films. 8 Although the occurrence of the Cm phase is impossible to reveal using the laboratory XRD studies, the polarization rotation may cause changes in the optical properties of the PTO/DSO film. To corroborate the role of the Cm phase, we inspected the refractive index n in the transparency range of PTO. According to the modeling in Ref. 11, the Cm phase should exhibit an increase in n compared to that in the PTO crystal. However, our measurements show an immense decrease in the index in the PTO/DSO film, in contrast to the calculations (Fig. 4) . Thus, the optical properties of the tensile strained PTO/DSO film cannot be explained by polarization rotation.
According to the well-established semi-empirical model, a decrease in n is related to a blueshift DE A of the main absorption peak in perovskite-type ferroelectrics
where g is the quadratic electro-optic coefficient, P is the ferroelectric polarization, and the tensor form of relationships 
is omitted for simplicity. Using the refractive indices, measured at the photon energies from 1 eV to 3.3 eV, and positions of the A (A 0 ) peaks in the films and the crystal, and considering the theoretical polarization therein, we estimate the coefficient g from expression (1). The coefficient is g PTO/STO % (0.12-0.18) m 4 /C 2 in the PTO/STO film, which is close to the value in ferroelectrics such as BaTiO 3 but significantly exceeds that in bulk PTO. 4, 27 For the estimated g PTO/STO , the PTO/STO film should exhibit an approximately 0.1-eV blueshift of the main absorption peak compared to the crystal. The expected shift agrees with the detected positions of the A and B peaks [ Fig. 2(a) ]. Also, the decrease in n and the A-A 0 and B-B 0 blueshifts observed in the PTO/DSO film are in a qualitative agreement with relationships (1-2). However, in contrast to the self-consistent estimations in the PTO/STO film, the giant negative coefficient g PTO/DSO % À(26-33) m 4 /C 2 is obtained using expression (1), resulting in an extremely large A-A 0 blueshift calculated using expression (2) in the PTO/DSO film. Thus, the semi-empirical model appears to be insufficient for explaining the optical behavior of PTO under epitaxial tension.
Next, using the refractive index in the PTO/DSO film and the PTO crystal and considering the out-of-plane compressive strain s c % À2.6% in the PTO/DSO film, we estimate the effective elastooptic coefficient p s in this film
The obtained coefficient is p s % (2.7-2.2) in the spectral range of (1.0-3.3) eV. This large value of p s exceeds the typical elastooptic coefficients of (0.1-0.4) in ferroelectrics and those predicted in epitaxial PTO films by approximately an order of magnitude. 4, 11, 26 However, note that the gigantic coefficients p s were measured in strained epitaxial films of BaTiO 3 (p s % 5) and K 0.5 Na 0.5 NbO 3 (p s % 15) but not SrTiO 3 and NaNbO 3 . 28 A peculiar contribution of polar phonons to the refractive index was suggested as a possible qualitative explanation. 29 This contribution and its dependence on epitaxial strain are not considered in theoretical modeling so far.
The immense blueshift of the main absorption peaks, the huge decrease in the refractive index in the visible range, the giant negative quadratic electro-optic coefficient, and the large effective elastooptic coefficient are thus produced by epitaxial in-plane tensile strain in the PTO/DSO film. These dramatic changes are beyond the existing first-principles and semi-empirical models. We stress that many of the previously observed epitaxy-induced changes in the optical properties in ferroelectrics point to insufficient fundamental understanding of these properties. [30] [31] [32] [33] [34] Because epitaxy proves to be a remarkably powerful tool for engineering these properties, more experimental and theoretical investigations in the field are highly desirable.
The results of our work imply that the optical properties of PbTiO 3 -based perovskite ferroelectrics can be efficiently tuned by growing epitaxial films of these materials. The PbTiO 3 and PbTiO 3 -based [e.g., Pb(Zr,Ti)O 3 ] epitaxial films are now successfully deposited on large-area industrial substrates, ensuring especially high potential for applications. Such applications as capacitors and piezoelectric devices are already commercialized. Knowledge-based control of the films' optical properties would allow implementation of photonics applications within the same technological platform. This prospective makes experimental studies of correlation between the microstructure and optical properties highly relevant and important. Concurrently, such studies deliver a valuable input for theoretical analysis aiming at better fundamental understanding of perovskite optics.
In summary, the optical absorption in the spectral range of (0.8-8.7) eV and refraction in the visible range of (1.0-3.3) eV are experimentally investigated using spectroscopic ellipsometry in the cube-on-cube-type epitaxial perovskite PTO films on the (001) STO and (011) DSO substrates. Compared to the PTO crystal, the in-plane epitaxial tension of 1.4% was found to produce a blueshift of the main absorption peaks of 1 eV and a decrease of the refraction index by 0.5. The existing models are unable to account for these dramatic changes.
See supplementary material for XRD data and ellipsometric data and fits.
